Deficient leptin signaling causes infertility via reduced activity of GnRH neurons, causing a hypogonadal state in both rodents and humans. Because GnRH neurons do not express leptin receptors, leptin's effect on GnRH neurons must be indirect. Neurons within the hypothalamic arcuate nucleus that coexpress AGRP and NPY are considered to be important intermediate neurons involved in leptin regulation of GnRH neurons. Previously, we reported that the absence of AGRP and haploinsufficiency of MC4R in leptin receptor mutant (Lepr db/db ) females result in restoration of fertility and lactation despite the persistence of obesity and insulin resistance. The overarching hypothesis in the present study is that the absence or reduction of leptin's inhibition of AGRP/NPY neurons leads to suppression of GnRH release in cases of leptin signaling deficiency. Since TAC2 (NKB)-TAC3R signaling plays a role in puberty maturation and is modulated by metabolic status, the other aim of this study is to test whether TAC2/NKB neurons in ARC regulated by melanocortinergic signals herein affect leptin's action on puberty and reproduction. Our data showed that AGRP deficiency in Lepr db/db females restores normal timing of vaginal opening and estrous cycling, although uterine weight gain and mammary gland development are morphologically delayed. Nonetheless, Agrp Ϫ/Ϫ Lepr db/db females are fertile and sustain adequate nutrition of pups with lactation to weaning age. AGRP deficiency results in advanced vaginal opening in wild-type female mice. The postpubertal increase in hypothalamic TAC2 mRNA was not observed in Lepr db/db females, whereas AGRP deficiency restored it in Lepr db/db females. Additionally, MC4R activation with MTII induced FOS expression in TAC2 neurons, supporting the concept of melanocortinergic regulation of TAC2 neurons. These studies suggest that AGRP imposes an inhibitory effect on puberty and that TAC2 neurons may transmit melanocortinergic inhibition of GnRH neurons.
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agouti-related peptide; leptin; puberty; reproduction THE ONSET OF PUBERTY is the culmination of a subtle shift in balance of stimulatory and inhibitory neurotransmission within a complex neural network. Whereas the intrinsic pulsatility of GnRH neurons points toward a cell-autonomous function of gonadotropin-releasing hormone (GnRH) secretion, extrinsic signals are likely to be required to trigger activity in quiescent GnRH neurons. There is undoubtedly a link between metabolic status and GnRH activity (34) . In the context of normal leptin signaling, a role has been implicated on the basis of a direct correlation between puberty onset and body weight (8, 16) . Additionally, cases of defective leptin signaling in both humans and rodents result in hypogonadotropic hypogonadism (13) . In a case report of a girl with leptin deficiency, treatment with leptin appeared to reverse the hypogonadal state (12) . In cases of lipodystrophy with attendant hypoleptinemia, leptin therapy normalized pituitary hormone release (29) and restored menstrual cycles to all treated female patients.
The obese (Lep ob/ob ) and diabetes (Lepr db/db ) mice are models of mutations in leptin and leptin receptor (LEPR) (6), respectively, that cause obesity, insulin resistance, and infertility (3, 17) . Beyond infertility, these models are also characterized by lactational incompetence (18, 35) . There is no direct input of leptin on GnRH neurons (33), although there is now strong evidence that leptin-regulated neurons from the arcuate nucleus (ARC) and the ventral premammilary nucleus provide afferent inputs that regulate GnRH neurons (10, 19, 23) . Two of leptin's known mediators are agouti gene-related peptide (AGRP) and neuropeptide Y (NPY), neuropeptides that are coexpressed with ␥-aminobutyric acid in neurons located medially within the hypothalamic ARC nucleus. Both neuropeptides are orexigenic and inhibitory to their respective receptors, whereas their expression is suppressed by leptin. NPY has been studied previously in the context of fertility; the absence of NPY restores fertility to leptin-deficient mice (11, 35) . The transgenic mouse with Lep ob/ob and NPY receptor Y4 knockout displayed restored fertility but persistent lactational incompetence (28, 35) . Additionally, transgenic female mice with combined LEPR and AGRP deletion characterized by our group, the Lepr db/db Agrp Ϫ/Ϫ mouse, exhibit a normal fertility phenotype despite persistence of much of the metabolic phenotype (19) . We set out to define the role of AGRP as a regulator of puberty and development of reproductive function.
Accumulating evidence showed that the subpopulation neurons located in ARC, named KNDy neurons, coexpress kisspeptin, neurokinin B [NKB; also known as tachykinin 2 (TAC2)], and dynorphin and send projections to the GnRH neurons in the preoptic area (21, 38) . In particular, many lines of rodents and human studies have documented potent stimulatory effects of NKB on puberty onset (21, 40) and reproduction (7, 15) . Both male and female pubertal failure cases resulting from NKB mutation are responsive to pulsatile administration of GnRH (42) . However, the only link that has been found between TAC2/NKB and energy balance is in the context of lactation, which is characterized by decreased leptin, reduced POMC, increased NPY, and AGRP in the ARC, resulting in decreased melanocortin signaling (38) . Specifically, during lactation there is suppression of kisspeptin and NKB concomitant with GnRH suppression (38) . Despite the fact that kisspeptin can modulate proopiomelanocortin (POMC) neurons and NPY/AGRP neurons (14) , the possibility of melanocortinergic signals such as AGRP/melanocortin-4 receptor (MC4R) modulating TAC2/NKB neurons remains virtually unexplored. Furthermore, it remains to be determined whether TAC2/NKB neuropeptide release from KNDy neurons acts as the intermediary of leptin's and AGRP's actions on puberty and reproductive development.
Pubertal development affects multiple end organs, principally via changes in hormonal output. In female mice, pubertal onset is commonly characterized by vaginal opening (4), which results from estrogenic effects on the vaginal epithelium (25) . Estrous cyclicity reflects the ovarian hormonal environment created by periodic changes in the pattern of GnRH pulsing and gonadotropin release in postpubertal female mice (5) . Mammary growth is a complex and important part of female development. Rudimentary ductal elongation of the mammary gland begins postnatally. Critical growth and differentiation subsequently occurs throughout puberty, with further maturation occurring during pregnancy. Another marker of puberty is uterine weight, as the majority of growth is estrogen driven and independent of acquired body weight (25, 30) . In an effort to define the role of AGRP on pubertal development, we assessed all of these aspects in wild-type and obese (Lepr db/db ) females. Finally, we observed Tac2 mRNA expression during pubertal development in different genotype mice and tested whether MC4R agonist melanotan II (MTII) activates TAC2/NKB neurons. We provide herein the first evidence that TAC2/NKB neurons may be a node in the leptin-regulated network controlling female reproduction.
MATERIALS AND METHODS
Animals. All animals were housed at 22°C in barrier facilities on a 12:12-h light-dark cycle with ad libitum access to irradiated 5058 PicoLab Mouse Diet 20 chow and sterilized water. Mice were weaned at 21 days of age, at which time ear clippings were performed. Genotyping was performed as described previously (20, 32) .
Several separate breeding models were used to assess fertility as well as reproductive physiology. Females heterozygous for LEPR To assess innate fertility, transgenic females from the four genotypes were mated with wild-type males. Experiments were done at the ages of 3, 4, 5, and 8 wk. All animals were of a mixed genetic background of C57BL/6J ϫ FVB/NJ ϫ 129 (19) . TAC2-enhanced green fluorescent protein (GFP) mice (37) were kindly provided by Dr. Martin Myers.
In experiments that required the harvesting of organs, animals were euthanized by carbon dioxide asphyxiation. Blood was collected by cardiac puncture. Blood specimens for metabolic studies were attained by tail nick bleeds. The Albert Einstein College of Medicine Institute's Animal Care and Use Committee approved all protocols and procedures.
Metabolic studies. Animals were fasted for 16 -20 h prior to body composition and fasting glucose and insulin studies. Body composition, specifically fat mass and lean mass measurements, was attained using an EchoMRI Whole Body Composition Analyzer from Echo Medical Systems (Houston, TX). Total body weight was measured on a scale to 0.1 g. Blood glucose levels were measured with a Bayer Ascensia Elite (Tarrytown, NY) glucose meter. Insulin levels were assessed using the Ultrasensitive Mouse EIA kit from Alpco Diagnostics (Salem, NH).
Puberty onset observational measurements. Vaginal opening was assessed by observation starting from 21 days of life. After vaginal opening, cycle phase was determined by daily vaginal lavage using glass pipettes and normal saline and continued for 3 wk or until euthanization. Vaginal smears for cycle phase were viewed under ϫ10 and ϫ40 magnification using an Olympus CX31 microscope (5). To assess fertility, all breeding experiments were done by mating 8-to 12-wk-old females from the four genotypes with a proven fertile wild-type male. The females were assessed for pregnancy, with weight determined weekly. The litter size was documented immediately after birth and followed until weaning for survival. Each pair was permitted Յ6 wk of mating for assessment of fertility.
Tissue harvest for evidence of pubertal development. Female mice from each of the groups were euthanized as described at 4, 5, and 8 wk. Uteri were resected, and after careful removal of adhered fat, uteri were weighed on a scale to 0.0001 g. Ovaries were resected and placed in Z-FIX (Anatech, Battle Creek, MI) for 1-2 days and subsequently embedded in paraffin. Hypothalami were removed by macroscopic dissection, immediately placed in a specimen tube on dry ice, and then stored at Ϫ80°C (19) .
Mammary gland development. Female mice from each of the groups were euthanized as described at 3, 4, 5, and 8 wk. Four of five right inguinal mammary fat pads were removed, placed and spread on a glass slide (31), fixed with Carnoy's, and stained with carmine alum. Mammary fat pads were dehydrated sequentially in ethanol and finally in xylene. The slides were mounted with Permount and imaged digitally with a Nikon D70 camera with a 60-mm 1:2.8 macro lens.
Quantitative PCR of hypothalami. Hypothalami were collected at 4 and 8 wk of age from each group, and total RNA was extracted using the RNeasy Lipid Tissue Mini kit (Qiagen, Venlo, The Netherlands). Presence and quality of RNA were confirmed by intact 18S and 28S bands following electrophoresis on a native agarose gel and by spectrophotometry using a NanoDrop UV-Vis Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). cDNA was synthesized by use of the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). Real-time quantitative PCR was performed on the Roche LightCycler 480 Real-Time PCR System using the LightCycler 480 SYBR Green Master I kit (Roche Diagnostics, Mannheim, Germany). Two sets of samples were run in triplicate on the same plate; one set had TAC2 primer (forward, 5=-AGGGAGGGAGGCTCAGTAAG-3=; reverse, 5=-GGCGGCT-GTCGTAGAGTC-3=), and the second set had ␤-actin primer (forward, 5=-GCGCAAGTACTCTGTGTGGA-3=; reverse, 5=-GAAAGGGTG-TAAAACGCAGC-3=) as the housekeeping gene. The PCR protocol for the amplification was 95°C for 10 s ¡ 60°C for 10 s ¡ 72°C for 10 s ϫ 45 cycles. Fold change relative to the mean of wild-type controls was calculated with 2 Ϫ⌬⌬CT (24). Intraperitoneal injection of MTII and FOS immunohistochemistry in TAC2-GFP mice. Diestrus female TAC2-GFP mice (8 wk old) were injected intraperitoneally (ip) with 10 mg/kg body wt of MTII or saline (n ϭ 4). Animals were perfused with 4% paraformaldehyde in phosphate buffer (pH 7.0) ϳ1.5 h after the injection. The brains were postfixed in 4% paraformaldehyde overnight at 4°C and then placed in 30% sucrose until they sank. Five coronal sections (30 m) of ARC were collected from each animal and stored in cryoprotectant at Ϫ20°C until they were processed for immunolabeling.
Tissue sections were rinsed in phosphate-buffered saline (PBS; 1ϫ) to remove cryoprotectant, incubated in 3% H 2O2 for 10 min to block endogenous peroxidase activity, and incubated in PBS plus 0.04% Triton X-100 (PBS-Tx) and 1% bovine serum albumin (BSA) for 1 h at room temperature. Sections were then incubated in goat anti-c-fos antibody (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA) in PBS-Tx and 1% BSA for 48 h at 4°C. The sections were then incubated in biotinylated anti-goat immunoglobulin G (1:600; Vector Laboratories, Burlingame, CA) in PBS-Tx for 1 h at room temperature, rinsed, and incubated for 1 h in avidin biotin complex ("Elite" ABC kit; Vector Laboratories). After being rinsed in PBS and 0.175 M sodium acetate, the sections were stained in nickel sulfate (25 mg/ml) and diaminobenzidine-HCl (0.2 mg/ml) in 0.175 M sodium acetate containing 30% H 2O2 for 10 min, followed by a final rinse in PBS and sodium acetate. FOS immunoreactivity was visualized as blue-black in the nuclei of neurons. Sections were mounted onto Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). After drying overnight, the sections were dehydrated with ascending alcohol concentrations, cleared with xylenes, and coverslipped. A series of tissue sections were treated identically, except that primary antibody was omitted from the incubation to control for antibody specificity.
To quantify TAC2-GFP and FOS-immunoreactive (ir) neurons, five sections of ARC were viewed under a Leica SP2 AOBS scanning confocal microscope (Heidelberg, Germany). Cells were considered TAC2-GFP FOS-ir positive if they had blue-black nuclear staining with distinct nuclear boundaries in TAC2-GFP cells. Total TAC2-GFP and FOS-ir neurons as well as the percentage of TAC2 neurons expressing FOS were calculated.
Statistics. All statistical analyses were performed using GraphPad Prism software version 5.04. ANOVAs were used for within-genotype, multiple-age comparisons and for a given age group between genotype comparisons. Repeated-measures ANOVA was used when appropriate. Posttest analysis was performed using the Bonferroni method of correction for the designated multiple comparisons. Occurrence of vaginal opening and presence of cyclicity were analyzed by chi-square tests. Unpaired t-test was used to analyze group differences in TAC2 and FOS-ir cell numbers and percentage of TAC2 neurons expressing FOS. For all statistical analyses, P Ͻ 0.05 was the criteria for statistical significance. (Fig. 1A) .
RESULTS

Metabolic phenotype of
Hyperglycemia, a known feature of the Lepr db/db phenotype, occurred gradually in Lepr db/db mice. Compared with wild-type controls, 4-wk-old Lepr db/db mice were euglycemic, although mild hyperglycemia was present at 5 wk of age and became more severe by 8 wk of age (Fig. 1B) . In contrast, hyperglycemia was not observed in Lepr db/db Agrp Ϫ/Ϫ mice (Fig. 1B) . Hyperinsulinemia was evident in both Lepr db/db and Lepr db/db Agrp Ϫ/Ϫ female mice by 8 wk of age (Fig. 1C) . The pattern of glucose and insulin levels observed in response to a glucose challenge suggests a significant resistance to insulin in the Lepr db/db compared with Lepr db/db Agrp Ϫ/Ϫ mice. Body weight, fat mass, serum glucose, and insulin levels in Agrp Ϫ/Ϫ mice were comparable with wild-type mice (Fig. 1, A-C) . Loss of AGRP affects the timing of vaginal opening. The average age of vaginal opening in mice ranges from 26 to 35 days, depending on the strain (5, 27, 25, 26) . Consistent with other reports, the mean age of vaginal opening in wild-type mice was 34 days (Fig. 2A) . Vaginal opening in Lepr db/db Agrp Ϫ/Ϫ mice was similar to that of wild-type. Agrp Ϫ/Ϫ females had earlier vaginal opening (32 days) than wild types ( Fig. 2A) .
Approximately 80% of Lepr db/db females showed vaginal opening by 8 wk of age (Fig. 2B ). Of those with vaginal opening, the average age was delayed by Ͼ1 wk, with some females exhibiting vaginal opening as late as 58 days of age (Fig. 2B) .
Normal estrous cycling and fertility is fully restored in db/db Agrp Ϫ/Ϫ females. Estrous cyclicity and length was monitored after vaginal opening. More than 90% of wild-type, Lepr db/db Agrp Ϫ/Ϫ , and Agrp Ϫ/Ϫ mice had regular estrous cycles (Fig. 3, A and B) . In contrast, Ͻ17% of Lepr db/db mice exhibited regular estrous cycles. Instead, Lepr db/db mice had estrous cycles that were typically 50% longer than wild-type control females (Fig. 3, A and B) .
To assess fertility, method, using the 4-wk-old wild-type mean as the comparison group. *P Ͻ 0.05 compared with age-matched wild-type mice; #P Ͻ 0.05 compared with control and genotype-matched 4-wk-old mice. as 6 wk for mating. This Lepr db/db female pregnancy delivered only one pup that was not successfully sustained after birth (Table 1) .
Uterine weight is decreased in both Lepr db/db and Lepr db/db
Agrp Ϫ/Ϫ mice. Although there is variability concomitant with estrous cyclicity related to fluctuating hormone levels, there is an overall trend for uterine growth with age in correlation with pubertal development. Thus we evaluated uterine weight in the 4-, 5-, and 8-wk-old mice in a sampling of our four mouse genotypes as a surrogate of pubertal development independent of estrous cycle phase at time of harvesting. As expected, Lepr db/db females had significantly lower uterine weights at all ages, whereas Agrp Ϫ/Ϫ mice were comparable to wild types (Fig. 4A) . Similarly, Lepr db/db Agrp Ϫ/Ϫ mice showed significantly lower uterine weights than age-matched wild-type mice at all ages, and these mice did not present significant improvement in uterine weight compared with Lepr db/db mice (Fig. 4A) . Surprisingly, these uteri of Lepr db/db Agrp Ϫ/Ϫ females are able to support implantation and maintain a pregnancy, albeit with a smaller litter size on average (Table 1) .
Mammary development is delayed in both Lepr db/db and Lepr db/db Agrp Ϫ/Ϫ female mice. In an effort to quantify and thus compare mammary ductal development with the ability to perform statistical analysis, we used a staging system adapted from Alston-Mills et al. (1) . Stages are defined by ductal elongation and extent of invasion through the fat pad as well as presence of terminal end buds (TEBs). We used a method that would account for both elongation and TEBs such that it would reflect pubertal change and control for isometric growth as well as large differences in size of fat pad.
As it pertains to mammary development, Lepr db/db mice had either no pubertal development, defined by the presence of only rudimentary glandular tissue, or minimal pubertal development, which was characterized by the presence of a few TEBs (Figs. 4B and 5 ). This phenotype is consistent with the single Lepr db/db female that was unable to lactate and sustain nutritional support for one live pup (Table 1) .
In parallel with the uterine weights, the Lepr db/db Agrp Ϫ/Ϫ females had mammary development similar to that of the Lepr db/db group (Figs. 4B and 5) . However, this group had sufficient ductal development for lactation and to sustain a full litter of pups until weaning.
Tac2 is upregulated in the absence of AGRP postpuberty. To evaluate the role of TAC2 on puberty, we studied both peripubertal (4 wk) and postpubertal (8 wk (Fig. 6B) .
MC4R agonist activates TAC2 neurons. To determine whether melanocortins affect TAC2 neurons, we injected MTII, a synthetic MC3/4 receptor agonist, into TAC2-GFP mice and used immunohistochemistry to identify FOS-ir in TAC2 neurons as a marker of TAC2 neuron activation. We observed low FOS-ir in TAC2 neurons of saline-treated mice (Fig. 7C) . Notably, compared with saline-injected diestrus females, the MC4R agonist MTII significantly induced FOS expression in TAC2 neurons in ARC (Fig. 7, F and I) . The overall number of FOS-ir cells in MTII-treated mice was doubled compared with saline-injected females (Fig. 7, E and  H) . MTII injection did not significantly alter the number of TAC2-GFP neurons (Fig. 7, D and G) .
DISCUSSION
Ablation of AGRP in Lepr db/db female mice completely rescues fertility and lactation potentially via modulation of melanocortin receptors on GnRH neurons (19) . The present study demonstrates that reduced inhibitory tone in Agrp Ϫ/Ϫ db/db females rescues pubertal onset, adult reproductive physiology, and fertility through mechanisms that may involve Tac2 upregulation. Although Agrp Ϫ/Ϫ Lepr db/db females exhibit delayed mammary gland development, unlike Lepr db/db females they do have the capacity to lactate and sustain adequate nutrition for pup survival and development after pregnancy. These results suggest that AGRP imposes an inhibitory signal that modulates GnRH neurons and KNDy neurons, acting as a mediator of leptin's effects on puberty and reproductive physiology. AGRP deficiency upregulated Tac2 gene expression on postpubertal rather than peripubertal Lepr db/db mice, which suggests that TAC2 is unlikely to be involved in the onset of puberty in this model. These data are consistent with a prior study suggesting that genetic ablation of AGRP in female Lep ob/ob mice restored fertility (41) . Recently, a study in rats showed that blockade of MC4R blunted the LH surge in ovariectomized, steroid-primed female rats (36) .
The reproductive phenotype of db/db females is variable in the severity of the hypogonadotropic hypogonadism and nature of the pubertal defect. Nonetheless, puberty is typically severely delayed or absent in all Lepr db/db mice. Deletion of AGRP in the Lepr db/db Agrp Ϫ/Ϫ mouse model rescues puberty as well as fertility. Abnormal mammary development and lactational insufficiency is one of the most severe defects found in Lepr db/db females. The lack of mammary development in leptin-deficient mouse models is described elsewhere, and transplant studies suggest that the defect is not an end-organ defect (39) . Similarly, mice with mutation in STAT3, a transcription factor involved in the leptin-mediated signaling pathway, do not exhibit mammary gland development, suggesting that the mammary defect does not reflect insufficient circulating estrogen levels or local IGF-I signaling (39) . Although the ductal development is not significantly improved in the Lepr db/db Agrp Ϫ/Ϫ by 8 wk, the age by which female mice are normally postpubertal, there is compensation and catchup in mammary development during pregnancy sufficient enough for normal lactation (19) . In this case, our data suggest that the mammary gland must be sufficiently primed in the nulliparous state to permit the appropriate response to the enhanced hormonal milieu of pregnancy (2) .
Uterine growth is a marker of elevated circulating estrogen levels, as is normally observed during the normal pubertal transition (25, 30) . Similar to the mammary gland, as determined by a lack of significant increase in uterine weight by 8 mice may have been primed by the absence of AGRP to permit implantation and placentation. KNDy neurons in ARC contribute to GnRH release and pubertal development in humans and rodents (15, 22, 38) . In the Lepr db/db mice model, we propose that KNDy inhibition by overactivity of AGRP may be a key factor responsible for puberty delay and reproductive failure. However, conditional deletion of LEPR-B in KNDy neurons of the Kiss1 CRE Lepr flox/flox mice (9) exhibits normal puberty, normal reproductive physiology, and fertility phenotypes, suggesting that direct leptin action in KNDy neurons is not required for appropriately timed puberty and reproduction. Surprisingly, Tac2 mRNA expression is dramatically upregulated in postpubertal females in our Lepr db/db Agrp Ϫ/Ϫ mouse model. This new finding suggests that melanocortinergic regulation of KNDy neurons, in addition to direct modulation of GnRH neurons, by AGRNP/NPY neurons is an important mediator of leptin's effects on reproductive physiology (Fig. 8) .
In summary, our data provide convincing evidence that AGRP acts as an inhibitory modulator of puberty and adult reproductive physiology independent of the obese phenotype. It is possible that TAC2 neurons are suppressed by AGRP overexpression in leptin-resistant states, and removal of AGRP's inhibitory effects may restore developmentally appropriate expression of Tac2 and pubertal development. These observations corroborate the putative role of TAC2 neurons as important intermediaries coordinating AGRP and leptin's effects on the female reproductive system.
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